The principal catalytic factor in the activation of tyrosine by the tyrosyl-tRNA synthetase is found to be of the reaction, as shown in Fig. 1 , involves the simple attack of the carboxylate group of tyrosine on the a-phosphate group of ATP, resulting in the elimination of magnesium pyrophosphate (7). The classical enzymatic processes of acid-base or covalent catalysis would not seem to be applicable to this reaction as it consists of the attack of a fully ionized good nucleophile on an activated compound with a good leaving group (the magnesium pyrophosphate from ATP).
only a factor of 5]. The side chains of these residues also provide a binding site for pyrophosphate in the reverse reaction. Thus, catalysis is accomplished by stabilization of the transition state by improved binding of a group on the substrate that is distant from the seat of reaction. of the reaction, as shown in Fig. 1 , involves the simple attack of the carboxylate group of tyrosine on the a-phosphate group of ATP, resulting in the elimination of magnesium pyrophosphate (7) . The classical enzymatic processes of acid-base or covalent catalysis would not seem to be applicable to this reaction as it consists of the attack of a fully ionized good nucleophile on an activated compound with a good leaving group (the magnesium pyrophosphate from ATP).
In this study, we use model building of the probable transition state in the reaction pathway to implicate catalytic interactions with the enzyme. We know the structure of the enzyme-bound tyrosyl adenylate complex, and so we are able to build the transition state for the formation of tyrosyl adenylate by the addition of pyrophosphate to its a-phosphate moiety. To test our predictions, we use site-directed mutagenesis to replace the residues implicated. Kinetic analysis of mutant enzymes then allows quantitation of the interactions involved.
Aminoacyl-tRNA synthetases are responsible for the coupling of an amino acid to its tRNA. For the tyrosyl-tRNA synthetase, as for the majority of aminoacyl-tRNA synthetases, aminoacylation of tRNA proceeds by a two-step process: (i) the amino acid is activated by the formation of an enzyme-bound aminoacyl adenylate (Eq. 1) and (ii) there is transfer to tRNA (Eq. 2) (1) (where E = enzyme). E + tyrosine + ATP -+ E-Tyr-AMP + PPi [1] E-Tyr-AMP + tRNATyr --E + Tyr-tRNATYr + AMP [2] The mechanisms whereby these processes are catalyzed are completely unknown.
The structure of the tyrosyl-tRNA synthetase from Bacillus stearothermophilus has been determined to 0.21-nm resolution, and the locations of enzyme-bound tyrosine and tyrosyl adenylate are known (2) . The enzyme is a dimer of 2 x 47 kDa. In the crystal structure, however, only the NH2-terminal 320 amino acids (out of 419) give well-resolved structure in the electron-density map. These residues account fully for the activation reaction, whereas the 99 residues of the COOH terminus are essential for tRNA binding and hence transfer (3) . Catalysis and specificity in the tyrosyl-tRNA synthetase from B. stearothermophilus have been investigated recently by systematic application of sitedirected mutagenesis (4) (5) (6) .
The amino acid residues of tyrosyl-tRNA synthetase that interact with the bound tyrosyl adenylate are known from the crystallographic studies, but there is no immediate indication of how they catalyze the reaction. The chemical mechanism MATERIALS AND METHODS Construction of Mutant Proteins. The following oligonucleotide primers were synthesized to direct the mutations. Thr-40 --Ala-40: 5' CCGCCGC*CGGGTCAAAC 3' (* = mismatched base); His-45 --Gly-45: 5' GGCCGATA-C*C*CAAACTGT 3'. Site-directed mutagenesis was performed on the tyrosyl-tRNA synthetase gene cloned in the vector M13 mp93 (5, 8) . The double-mutant tyrosyl-tRNA synthetase(Thr-40 -+ Ala-40; His-45 --Gly-45) was constructed by using the His-45 -+ Gly-45 primer to mutate the tyrosyl-tRNA synthetase(Thr-40 -* Ala-40) gene. Mutant enzymes were purified as described by Lowe et al. for other mutants (9) . All were electrophoretically homogeneous and formed 1 mol of tyrosyl adenylate per mol of enzyme.
Kinetic Procedures. The kinetic constants for the formation of tyrosyl adenylate by tyrosyl-tRNA synthetase were determined in all cases from presteady-state kinetics by direct observation of the formation of enzyme-bound tyrosyl adenylate. Tyrosyl-tRNA synthetase(His-45 --Gly-45) was studied by stopped-flow fluorescence over a period of 0-5 min (10) . For tyrosyl-tRNA synthetase(Thr-40 -+ Ala-40) and tyrosyl-tRNA synthetase(Thr-40 -k Ala-40; His-45 -> Gly-45), the rate constant for tyrosyl adenylate formation was sufficiently low to allow a single turnover of the enzyme to be followed by manual sampling. The amount of enzyme-bound tyrosyl adenylate was determined at various time intervals by nitrocellulose disc assay [active-site titration (11) ]. For tyrosyl-tRNA synthetase(Thr-40 -* Ala-40), a complete time course was monitored and the rate constant was determined at various substrate concentrations from the best-fit firstorder exponential to the data. For tyrosyl-tRNA synthetase-(Thr-40 --Ala-40; His-45 --Gly-45), the rate constant was determined from the initial rate of the reaction (0-15% completion) and the known enzyme concentration. Michaelis-
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. Menten kinetics were followed by all of the enzymes studied. Values for k3 and Ks were calculated from the variation of rate constant with substrate concentration. The rates of pyrophosphorolysis of the enzyme-bound tyrosyl adenylates were monitored by nitrocellulose disc filtration on the addition of pyrophosphate to preformed samples of enzyme-bound tyrosyl adenylate. When studying the effect of Mg2" ions, solutions were pretreated, by batchwise adsorption, with Chelex 100 (Bio-Rad).
Computer Graphics. Model building was performed by using the program FRODO using coordinates kindly supplied by P. Brick and D. M. Blow.
RESULTS
Model Building ofReaction Intermediates. Chemical studies have shown that formation of tyrosyl adenylate from tyrosine and ATP results in inversion at the a-phosphorus (7). Since no covalent enzyme-bound intermediates occur, it is implied that the mechanism involves an "in-line" displacement, with the tyrosyl carboxylate acting as a nucleophile and the pyrophosphate being the leaving group (Fig. 1) . Such a reaction scheme implies a pentacoordinate transition state. Since enzymic catalysis must involve interactions with the transition state, we adopted the following strategy to delineate the amino acid residues involved. First, starting from the crystallographic structure of the enzyme-bound tyrosyl adenylate, we utilized computer graphics to construct a model of the transition state using a P-0 axial bond length of 0.24 nm (12) . Finally, by allowing bond rotations around the 0-P bonds we looked for interactions with the enzyme that could be implicated in the catalytic mechanism.
From the model building we found that the y-phosphate group of the intermediate could be placed to interact with the side chains of Thr40 and His-45 (Fig. 2) . These side chains are positioned so that each can make similar polar interactions via the /3-OH and NeH groups, respectively. We should note that His-45 is conserved between various amino acyl-tRNA synthetases (ref. 13 ; unpublished data), implying an important role for this residue. Although Mg2e is required forthe reaction, for simplicity we have not built a Mg2e ion into this model. There is sufficient space for Mg2e to interact with the phosphate groups on the opposite face to that presented to Thr-40/His45, and we present evidence below that mutation of Thr40 and His45 does not affect the binding of magnesium.
Site-Directed Mutagenesis. Although model building suggests a role for the Thr-40 and His45 side chains, confirmation and quantitation oftheir involvement require more direct evidence. To provide this, site-directed mutagenesis was used to remove the interacting side chains. The following mutants were constructed and their kinetics were analyzed according to Scheme 1, which fits the data for catalysis by tyrosyl-tRNA synthetase and all of its mutants. In this scheme, k-pp is found to be fast compared with kL3, and kcat equals k3 in the presteady state (unpublished data). The second kinetic parameter, KM, is equal to the substrate dissociation constant, KS, in the presteady state (i.e., equals k/k' t or k/k' a for tyrosine and ATP, respectively). E.T SCHEME 1
Tyrosyl-tRNA Synthetase(Thr-40 --Ala40). In this mutation, the -OH group of the threonine is replaced by an H, tFrom Wells and Fersht (14) . The value of Ks for tyrosine of wild-type enzyme was obtained from equilibrium dialysis and equals k,/k,.
removing any hydrogen bonding interaction between residue 40 and the y-phosphate group of the transition state. The rate constant for formation of tyrosyl adenylate, k3, by the Ala-40 enzyme is found to be >3 orders of magnitude lower than the native enzyme, whereas values of Ks are hardly altered (Table 1 ). The time course for a single turnover of the enzyme could be followed by nitrocellulose disc assay over 30-60 min (Fig. 3) Tyrosyl-tRNA synthetase(His45 --Gly45). This mutation removes the interacting imidazole side chain. The rate constant for this mutant enzyme is again much less than that of the native enzyme, although it is somewhat higher than for the previous mutant. Ks for tyrosine is unaffected and Ks for ATP is lowered by a factor of 4 ( Table 1) .
Tyrosyl-tRNA synthetase(Thr40 -> Ala40; His45 -> Gly-45). As expected, the rate constant for tyrosyl adenylate formation for the double mutant is considerably lower than for either of the previous mutants. The time required for formation of 1 mol of bound tyrosyl adenylate per mol of enzyme is -6-8 hr under conditions of saturating concentrations of substrates and is much longer for subsaturating concentrations. The kinetic parameters were therefore obtained from the initial rates of reaction (0-15% completion), monitored by nitrocellulose filter assays over a period of 45 min. k3 is reduced by 3. 
DISCUSSION
Mutations at positions 40 and 45 of the tyrosyl-tRNA synthetase have little effect on the dissociation constants of tyrosine, ATP, and tyrosyl adenylate from the enzyme. The binding of pyrophosphate, however, is severely weakened. The most striking feature is the large reduction of the rate constant k3. Because of the lack of effect on the binding of both substrates and enzyme-bound products, it is unlikely that there is any serious structural change in the enzyme on mutation of these residues. Instead, it is indicated that there is a weakening of binding of pyrophosphate in both the transition state and E-Tyr-AMP-PP complexes. Our model building suggests that Thr-40 and His-45 can form a binding site for the -phosphate group of ATP in the transition state and for pyrophosphate in the reverse reaction. The kinetic data show that this binding site contributes no net binding energy for ATP in the enzyme-substrate complex.
Mutation ofthe -phosphate binding site (Thr-40 --Ala-40;
His-45 -* Gly-45) results in an increase in the energy level of the transition state complex, whereas the energy levels of the enzyme-substrate complex are unaltered (Fig. 4) . This results in increased activation energy and consequently lowered k3. Therefore, these kinetic studies provide direct evidence for stabilization of the transition state as a major factor in the catalytic mechanism of this enzyme. Magnitude of Catalysis. The tyrosyl-tRNA synthetase has binding sites for tyrosine and ATP that locate the substrates in the correct orientation for reaction. In this way, it converts the nucleophilic attack from an entropically unfavorable (15) . The effect of the mutation is to raise the energy level of the transition state of the reaction.
second-order reaction in solution to a first-order reaction with a concomitant rate enhancement (16 (20) , and was elaborated by Pauling, who proposed that an enzyme should be complementary to, and thus bind preferentially, the transition state rather than the substrate (21) . Theoretical considerations (15, 22, 23) show that the rate of reaction is optimized when binding interactions are favored in the enzyme-transition state over the enzyme-substrate complex. This improved binding energy lowers the activation energy of the reaction, increasing the rate. In the tyrosyl-tRNA synthetase, our results show that the side chains of Thr-40 and His-45 make substantially better interactions with the TyrATP transition state than with the enzyme-substrate complex. In addition to the large effects of positions 40 and 45, it has been found that hydrogen bonding groups even further removed from the seat of reaction can cause smaller, but still significant, rate enhancements by preferential binding of the transition state (14) .
Previous evidence for transition-state stabilization in enzyme catalysis has come somewhat indirectly from the binding of transition state analogues, from model building, and from kinetic studies on substrate series (23) . By the use of protein engineering, we not only provide direct evidence for this type of mechanism in tyrosyl-tRNA synthetase but also identify the groups involved and quantitate the energetics of their involvement.
